In order to deal with the matrix effect in the simultaneous determination of multi-components in a complex system, we have developed a novel method named matrix coefficient multivariate calibration method (MCMCM) for simultaneously determining n analytes in complex systems. The calibration models of n analytes, which are based on the experimental data of known samples, are first transformed into n linear equations, and then the equations are solved to obtain matrix calibration coefficients of the analytes in congeneric samples. In this way, the concentrations of n analytes in the unknown sample could be obtained easily and simultaneously by solving another n-variate linear equations with the help of the matrix calibration coefficients obtained-above. The method proposed in this work has been tested by voltammetry and atomic absorption spectrometry (AAS) with satisfactory results. On determining the elements such as Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca, Mg, etc. in synthetic samples, the relative standard deviations (RSDs) of the results were 0.91 -4.5%, and the recoveries were 95.8 -105%. For actual samples, the RSDs and the recoveries were 1.5 -6.9 and 92.0 -110%, respectively.
Introduction
The analysts have increasingly realized the significance of multivariate statistical methods in the analyses of multicompounds with consecutive characteristic spectra, 1 and the applications of the statistical method are also increasingly extensive. [2] [3] [4] [5] However, the applications of the method in the simultaneous multi-component determination based on "single point determination signals" of analytes are relatively few. The reason for this is that, on carrying out the multivariate statistical analysis, a coefficient matrix concerning many determination points (wavelengths or mass-charge ratios, etc.) may easily be established by employing the consecutive characteristic spectra of the analytes (for example, ultraviolet spectra or molecular mass spectra); however, the signals used in many analytical techniques for quantitative determination are so-called single point determination signals (absorbency in AAS, spectrum intensity in X-ray fluorescence, and peak current in voltammetry, etc.), which are usually determined at single determination points (a specific wavelength and potential, etc.). Therefore, the multivariate statistical method is less applied in both the multivariate calibration based on single point determination signals and the elimination of the matrix effect.
On employing different analytical techniques, one finds that the mechanisms about interferences between coexisting components in the systems are not exactly the same, however, all of the results of the interferences are determination errors, and the magnitudes of the errors directly correlate with the kinds and concentrations of the components coexisting in the systems. For example, the physical interference in AAS is basically due to the influences of the physical properties such as the viscousness, steam pressure or surface tension of the test solution on the pumping, atomization and evaporation. Further, the changes of these physical properties closely correlate with the kinds and concentrations of components coexisting in the test solutions. For example, in X-ray fluorescence analysis, all effects of the matrix absorption and emission on the determination correlate with the kinds and contents of the coexisting components; in the voltammetry, the changes of electrolysis currents of the analytes with varieties of the components in the test solutions can also explain the influences of the kinds and concentrations of the coexisting substances on the determination. All of the interferences are essentially conventionally ubiquitous matrix effects, and in general, increase with the increases of the kinds and contents of coexisting components in the samples. Therefore, they may all be entitled "matrix effects" denoting the results of the interactions between the coexisting components.
When the components in samples are complex, the interferences of the coexisting components, namely, the matrix effect usually exists. For determining a single component in a sample, the influence of the matrix effect on the determination may be eliminated basically by standard-addition method (SAM). When there are multi-components which are able to bring discriminable signals in the sample, they may be simultaneously determined. [6] [7] [8] [9] [10] Generalized-standard-addition method (GSAM) may be used in the simultaneous determination of the multi-components and the calibration of the matrix effect. 11 Like the SAM, the GSAM is essentially a linear multivariate calibration method, which is based on the strict linearity relationship between the concentrations and signal intensities of the analytes, and requires the experimental data to be continuous or multi-point determination data. However, if the standard substances of the multi-components are simultaneously added into the test sample (the relevant method is entitled "multi-component-standard-addition method (MCSAM)"), the additive components might interfere with each other to various extents, that is, an additional matrix effect might appear. In most instances, the additional matrix effect makes the intensities of the signals of the analytes decrease, so as to cause negative errors in the results. Moreover, the matrix effect usually increases with increases of the concentrations and kinds of the additive substances. Thus, the problem restricts the applications of SAM, especially the application in the simultaneous determination of multi-components. To be sure, for the multi-component determination, under the condition of the linear relationship between the concentrations and signal intensities of the analytes, the matrix effect may be eliminated by a means similar to the SAM for determining single component in the sample (for short, single-component-standardaddition method, (SCSAM)), that is, only one of the standard substances of the analytes is quantitatively added into each test sample, and then the matrix effect is calibrated according to the change of relevant signal intensities before and after adding the standards. However, such method has actually lost the significance about the simultaneous determination of multicomponents because only one of the components can be determined in each test sample. If n analytes in the sample are determined by this method, n + 1, even 2n determinations must be carried out even if the parallel determinations are not counted. Therefore, such a method is troublesome, repetitive and timeconsuming; both the necessary test samples and reagent dosages are considerable; especially, it is not suitable for the routine analysis and repeat batch determination of the components in congeneric samples. In recent years, spectral analysis 12,13 and voltammetry 14 have been widely applied in simultaneous multicomponent determinations because of the inherent advantages. Therefore, when one needs better analytical techniques for simultaneously determining the multi-components, it is necessary to put forward a method which not only can eliminate the matrix effect but is also economical and rapid, and is especially suitable for the routine analysis and repeat batch determination of the multi-components in congeneric samples (for example, congeneric natural medicines). The aim of the present research was to deal with matrix effects in the simultaneous determination of multi-components in a complex analytical system. A novel method named matrix coefficient non-linearity multivariate calibration method (MCNMCM) for simultaneously determining n analytes in complex systems is proposed. Based on the experimental data of known samples, the non-linear calibration models of n analytes were firstly transformed into n linear equations in order to obtain matrix calibration coefficients of n analytes in each sort of samples. Then, with the help of the matrix calibration coefficients, the concentrations of n analytes in any unknown one in the sort of samples could be obtained easily and simultaneously by solving another n-variate linear equations, not needing any analytical standard. This method was tested by voltammetry and atomic absorption spectrometry with satisfactory results.
Theory

Principle and method
It is well-known that, on determining a single analyte in a sample, SAM based on linear calibration is an effective and convenient technique for eliminating the matrix effect. Strictly speaking, there is linear relationship between the concentration and signal intensity of the analyte only over a definite range of concentration (mostly, in the range of lower concentration). However, if the concentration of the analyte oversteps the range, SAM itself might bring significant determination errors. In addition, on determining n analytes in a sample, the standard substances of the n analytes can not be added simultaneously into the test sample to avoid the additional matrix effect, therefore, the n analytes have to be determined by using SCSAM, one by one. As a result, the method is timeconsuming; the dosages of the sample and the reagents, and the work intensity are considerable. In order to solve the problems by an feasible method, we want to design an experiential model which not only can describe the relationship between concentrations of coexisting components and signal intensity of the analyte, but also can be used in the multivariate calibration. In quantitative analysis by an instrument, the focus of the analyst's attention is on whether there are quantitative relationships between the concentrations of the analytes and the signals, and the absolute magnitudes of the signals are inessential. Therefore, the magnitude of the signal may be expressed with its relative intensity. When experimental conditions are fixed, the relative signal intensity Ii of analyte i (i = 1, 2, 3,·, n) is a uniform function of the concentration cj of coexisting component j (j = 1, 2, 3,·, k; k > n). In general, the function relationship may be expressed as:
As we know, it seems to be impossible to obtain a strict formula for expressing the matrix effect theoretically. Therefore, this research intended just to put forward an experiential model which is essentially based on the information from single point response signals and may be used for reduction of nonlinear matrix effect. The mathematical form correlating Ii and the matrix effects of the coexisting components may be expressed as follows:
Here, Qij is a coefficient available for calibrating the interference of coexisting component j with analyte i, namely, matrix coefficient. From Eq. (2), it is obvious that, when the other effect factors are fixed, the higher the concentration ci of analyte i is, the more intense the relative intensity Ii; the bigger the number k of the species of coexisting components, the concentration cj and the absolute value |Qij| of matrix coefficient are, the more obvious the influence on the relative intensity Ii. From Eq. (2), it is also obvious that, in general, Qii > 0 because Ii > 0. Therefore, when Qij > 0, Ii will be decreased; when Qij < 0, Ii will be enhanced; and when Qij = 0, coexisting component j does not influence Ii. Here, Qij may be regarded as the interference contribution of unit concentration of coexisting component j with Ii, that is, Qij is influenced only by properties of analyte i and coexisting component j, as well as the determining conditions, and is independent of the concentration of coexisting component j. Ei in Eq. (2) is measurement error factor. Its magnitude depends on such factors as the determining conditions, the approach, the instrument, etc. When these influence factors are fixed, Ei is a constant. Ei > 0 makes Ii decrease, and Ei < 0 makes Ii enhance. It is worth
noting that the effect of analyte i itself is also considered in Eq.
(2). For example, in voltammetry, because of the contribution of its ion charge and concentration to ionic intensity in the solution, analyte i will affect the ionic activity coefficient so as to affect the activity of analyte i itself taking part in the electrode reaction, that is, influence the relative intensity Ii of its electrolysis current; in atomic spectral analyses, the selfabsorption or self-corrosion actions of the atoms will observably decrease the relative intensities of spectrum signals of the analytes, and so on. Therefore, the Qii values in Eq. (2) may also be regarded as matrix coefficients available to embody the contribution of unit concentration of analyte i to the matrix effect. In the quantitative analysis by standard curves, when the concentration of analyte i increases to a certain value, the relationship between the concentration and the signal intensity begins to depart from linearity. These phenomena may also explain a rationality to set Qii values in Eq. (2). It is worth noting that, when ci is lower, there is a better linearity relationship between ci and Ii. However, the influence of the non-linear factor on Ii will enhance with the increase of ci, and when ci increases to a definite value, the relationship between ci and Ii will begin obviously deviating from the linearity. The descriptions given by Eq. (2) accord with real things which take place in some analytical techniques, for example, voltammetry, AAS, or X-ray fluorescence.
In the determination, in general, there are n analytes which can bring signals and k-n non-analytes whose influences on the signals of the analytes are neglectable.
Therefore, for simultaneous multi-component determination of congeneric samples, Eq. (2) may also be expressed by Eq. (3).
Here, Ai denotes the emendation item to calibrate the common influence of all non-analytes in the sample and the measurement error factor on the determination, that is,
It is obvious that the lower the concentrations (cn+1, cn+2 · ck) of the non-analytes or |Qi(n+1)|, |Qi(n+2)| · |Qik| are, the more Ai tends to a constant Ei. Therefore, when the determination condition is fixed, Ai in Eq. (3) may be regarded as an approximative constant, namely, a calibration coefficient, even if the micro-components whose relative contents are very low and the macro-components which have little or no influence on Ii are not considered. The "Qi1c1 + Qi2c2 In order to discuss MCNMCM clearly, one can take known solutions containing components A, B, C which are able to bring discriminable signals as examples to explain how the matrix coefficients Qij and Ai are ascertained and employed. At first, four known solutions 1, 2, 3, 4 containing given concentrations of A, B, C are selected, and the other coexisting components, whose influence on the analyte signal may be negligible, should be approximately the same as those of unknown solutions. And then, the relative signal intensity IAi (i = 1, 2, 3 or 4) of component A in each known solution is determined under the constant conditions, and the linear equations containing IAi and given concentrations of A, B, C in the four solutions are written out. As above-described, the twelve (namely, 3 2 + 3) matrix coefficients may be obtained by solving the three equation groups. It is worth noting that the matrix coefficients are reusable calibration coefficients. In other words, they can repetitively be used to calibrate the matrix effect in the simultaneous determinations of components A, B, C in every congeneric sample (for example, 3 sorts of microelements in congeneric natural medicines). Therefore, once the matrix coefficients are acquired, it becomes needless to measure or calculate them again since in each determination.
The application of the matrix coefficients and relevant analysis processes are as follows.
(1) The relative intensities Ii (i = A, B, C) of the signals from three analytes A, B and C in identical unknown solution are determined.
(2) The linear equations involving the twelve matrix coefficients and the unknown concentrations cA, cB and cC of analytes A, B and C are written out as follows. For obtaining the more accurate results of the analytes in actual samples, before the linear equations are established to acquire the matrix coefficients, the original concentrations of three components A, B and C in the actual sample are first determined by SCSAM, and then, the four known solutions are prepared by adding suitable amounts of A, B and C into the actual sample solutions, that is, the concentrations (cZ1, cZ2, cZ3,  cZ4 (Z = A, B, C) ) of components A, B, C in the four known solutions are the sums of the original and additive
concentrations of A, B and C. Lastly, the matrix coefficients suitable for the simultaneous determination of the multicomponents in congeneric actual samples may be obtained by solving the linear equations, Eq. (6) .
Similarly, for the instance where there are n components able to bring discriminable signals in a test solution, n + 1 known solutions (1, 2 · n, n + 1) containing the n components may be selected, and the relative intensity Ii1, Ii2 · Iin or Ii(n+1) of the signal from identical component in each known solution is determined, and n relevant linear equation groups are written out. The values of the matrix coefficients (the numbers of Qij and Ai are n 2 and n, respectively) may be obtained by solving these linear equation groups. And then, the relative intensities Ii (i = 1, 2 · n) of the signals of n analytes in identical unknown solution are determined, and the linear equation group containing the n 2 + n matrix coefficients and n unknown concentrations ci (i = 1, 2 · n) of the n analytes are written out as follows.
In Eq. (7), Qij is the matrix coefficient for calibrating the interference of analyte j with analyte i; Ai is the common influence (including Ei) of all non-analytes in the unknown solution on the relative signal intensity of analyte i. The concentration values ci (i = 1, 2, 3, · n) of n analytes in the unknown solution may be obtained by solving the linear equation group Eq. (7) via running on a computer. Similarly, one may make the determination results of n analytes in actual samples more exact by adopting the same treatment means as the preparation of the known solutions about three components A, B, C.
Characteristics of the method and the application conditions
According to the above discussion about "Principle and method", the characteristics of MCNMCM are as follows.
(1) Nonlinear calibration has been used, instead of linear calibration which is usually used in SAM. As stated above, all of SAMs are based on the strict linear relationship between the concentrations and the signal intensities. Actually, it is difficult to ensure the relationship in many instances. Because it has employed the nonlinear calibration, this method approaches reality more closely than SAMs (include GSAM), and the results obtained by it are exacter.
(2) The simultaneous multi-component calibration was used, instead of the single-component calibration usually used in conventional SAM.
It maintains the advantages of simultaneous multi-component determination in GSAM of chemometrics, therefore, comparing with the conventional SAM, the cost and workload for analysis were significantly decreased.
(3) The single point determination signals were used, instead of the multi-point or consecutive determination signals usually used in chemometrics. Because of its advantage such as simple math treatment, this method is easily accepted by the analysts and can become popular among them.
(4) This method dispenses with repetitive determinations and standard substances of the analytes. The concentrations of all the analytes may be obtained by calculations employing the matrix coefficients of congeneric samples, as long as their signal intensities are determined out with only one unknown
The application conditions of MCNMCM are as follows.
(1) Each analyte is able to bring an discriminable signal, that is, the signal eigenvalues of various analytes are different from each other (for example, the differences of the spectrum wavelengths or peak potentials of polarographic waves, etc. of the analytes).
(2) The relative contents of non-analytes in analytical systems are very low, or the influences of them on analyte signals are neglectable.
(3) The components whose relate contents are higher and which can bring the signals and interfere with the determination of other components in the system must simultaneously be determined.
(4) In the sample solution, if the presence of the higher content component does not bring a signal of itself but does influence obviously the signals of the analytes, the MCNMCM can not be used in the multi-component determination until this component is pretreated to eliminate its interference.
Experimental
Instrumentation
We have used an oscilloscopic polarograph (Model JP-303, Chengdou Analytical Instrument Factory, Chengdou, China) with a three electrode (mercury drop-platinum-saturated calomel) system, a photic-fiber-pressure-automation-microwave 
Reagents and standards
These include the buffer solution (pH 9.26, 20˚C) consisting of ammonia liquor (3.0 mol l -1 ) and ammonium chloride (3.0 mol l -1 ); gelatin (1.0 g l -1 ); ascorbic acid solution (8.0 g l -1 , prepared just before use); the stock standard solutions of Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca and Mg (1000 μg l -1 , purchased from the Chinese Research Center for Standard Substances, diluted quantitatively with 0.2% HNO3 just before use); hydrochloric acid; hydrogen peroxide; sodium hydroxide. The solutions were prepared with analytical grade reagents. Bidistilled water was used. The samples of Chinese traditional medicines were from Laobaixing Great Drugstore in Changsha, Hunan, China, and the Salvia miltiorrhiza root was identified by Prof. Fang at the College of Herbalist Doctors, Jiamusi University, Heilongjiang, China.
Procedure
Digestion of Chinese traditional medicine samples. Ten grams of the powder Salvia miltiorrhiza root samples dried in a desiccation box (105˚C) till constant weight was accurately weighed (or 100 ml of compound Salvia miltiorrhiza root injection was accurately added) into a Teflon digestion jar, added 40.0 ml of HCl (6.0 mol l -1 ) and 10.0 ml of H2O2 (30%) in it, and then the jar and contents were placed in a microwave oven to heat for 15 min of the digestion after covering its top to make it airtight. The material inside was digested 2 -3 times for the powder sample or 1 -2 times for the injection, and the digestion jar was cooled with water when the digestion was over. The digestion solutions should be transparent, and all of them were quantitatively transferred into a 500 ml calibrated 584 ANALYTICAL SCIENCES MAY 2007, VOL. 23 flask by rinsing with bidistilled water, diluting to the mark and shaking up after adding NaOH solution (6 mol l -1 , about 30a ml, a is the digestion time) to weak acidity. The solution was kept in a Teflon bottle in a refrigerator for standby. Polarographic determination. Adequate amounts of Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca and Mg standard solutions or sample solution, 5.0 ml of the solution of ammonia-ammonium chloride, 4.0 ml of the ascorbic acid solution, and 1.0 ml of the gelatin solution were added, in proper order, into a 50 ml volumetric flask. The mixture was diluted to the mark and shaken up, and was then transferred into small beakers. A cathode second derivative wave scan was carried out, from -0.30 to -1.75 V at 500 mV s -1 scan rate, and the peak currents of Cu ( Adequate amounts of Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca and Mg stock standard solutions or sample solution were added into 500 ml volumetric flasks. The contents were diluted to the mark with 0.2% HNO3 and shaken up. And then, the absorbencies were determined under the selected working conditions, determining the blank absorbencies under the same conditions at the same time.
Treatment of experimental data
All of the calculations in the experimental data manipulation were actualized on a computer by the matrix coefficient multivariate calibration model put forward in this paper and the self-compiled software, and were accomplished through a Phoebus Microsoft System UV-60 combining 4 -300 MHz CPU and 64 MB RAM. All of the programs were compiled with Matlab 6.0 and run on the Windows 2000 platform. The concentration of each component is rapidly obtained on the computer by solving the linear equation group based on the matrix coefficients and the signal intensities of the analytes.
Results and Discussion
The chemical system for determining the multi-microelements by AAS is relatively simple. The determination was carried out as adequate amounts of the known solutions or sample solution were quantitatively added into the volumetric flask, diluted to the mark and shaken up. However, on determining multielements by voltammetry, a suitable substrate solution must be found at first. The experimental results have shown that such elements as Cu(II), Pb(II), Cd(II), Ni(II), Zn(II), Fe(II), Mn(II), etc. can bring discriminable second derivative waves in ammonia-ammonium chloride-ascorbic acid-gelatin substrate solution. 15 The second derivative waves are shown in Fig. 1 
Application of MCNMCM in simultaneous determination of multi-components in synthetic samples
According to Procedure and Treatment of experimental data, and combining with the comparison with the results determined by MCSAM, the application effect of MCNMCM in the voltammetry and AAS for simultaneously determining multielements in synthetic samples has been tested by using known solutions containing given concentrations of Cu(II), Pb(II), Cd(II), Ni(II), Zn(II), Fe(II), Mn(II), Co(II), Ca(II) and Mg(II). The experimental results are shown in Table 1 . From the data in the table, it is obvious that the results determined by MCSAM contain very severe negative errors. The reason for this is that, although the simultaneous addition of these standard ions, whose concentrations were close to original concentrations of relevant analytes, into the identical test solution could eliminate the inherent matrix effect, the MCSAM would also cause serious additional matrix effects, at the same time. However, on determining the multi-components by MCNMCM, the results were of good precision and veracity.
Application of MCNMCM in the simultaneous determination of multi-elements in actual samples
The application effect of MCNMCM in the simultaneous determination of the multi-components in actual samples has been analyzed by simultaneously determining the trace elements in Salvia miltiorrhiza root and compound Salvia miltiorrhiza root injection. According to Procedure and Treatment of experimental data, the contents of the trace Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca and Mg in the samples were determined. The results are shown in Table 2 . It is obvious from the results that the MCNMCM may be used in the simultaneous determination of the multi-components in congeneric actual samples and the precision and veracity are satisfactory. 
Conclusions
The MCNMCM is suitable for using in different analytical techniques, and has broken away from the restriction of the linear calibration used in various SAMs so as to have wider concentration ranges suitable for determining.
On simultaneously determining the multi-components, the MCNMCM not only can well calibrate the inherent matrix effect but can also avoid employing MCSAM to bring the additional matrix effect. The results determined by MCNMCM are of good precision and veracity. On simultaneously determining the elements such as Cu, Pb, Cd, Ni, Zn, Fe, Mn, Co, Ca, Mg, etc. in synthetic samples, we found that the RSDs of the results were 0.91 -4.5%, and the recoveries were 95.8 -105%; on simultaneously determining the above micro-elements 586 ANALYTICAL SCIENCES MAY 2007, VOL. 23 a. The experiment showed that there were no signals of Co(II), Ca(II), Mg(II) in the substrate solution, and the tolerance limits (5% relative error), that is, the concentration times corresponding to 1.0 µg/100 mL of the determined ions are 3, 16000 and 4800, respectively. in actual samples, the RSDs were 1.5 -6.9%, and the recoveries were 92.0 -110%. The experimental operation is simple and convenient; the method is rapid, especially suitable for the routine analysis and repeat batch determination of multicomponents in congeneric samples. When the number of the analytes are n, the cost for analysis and the workload of the MCNMCM are about only 1/n those of traditional SAM. Therefore, the MCNMCM is a reliable, economic, rapid, simple and convenient method for simultaneously determining the multi-components in congeneric samples.
